When chloramphenicol(500 ,ug./ml.) is added to an exponentially growing culture of Tetrahymenapyriformis growth is completely inhibited within a few generations. Organisms from chloramphenicol-inhibited cultures have a greater number of small mitochondria; growth and division of mitochondria is apparently uncoupled from the growth and division of the organisms. Growth for 72 h. in the presence of chloramphenicol did not lead to any significant alteration in the cytochrome content per cell or per mg. of protein of isolated mitochondria. The latter show greatly decreased oxygen uptake rates with a-oxoglutarate and with succinate as respiratory substrates, and increased sensitivity to the site I inhibitors, rotenone and piericidin A. Respiratory control was not detectable and the oligomycin sensitivity of the Fl-ATPase is reduced in mitochondria from cells grown with the antibiotic. After inoculation into medium not containing chloramphenicol, these respiratory-deficient organisms grew normally after a lag of 24 h. Impaired coupling of oxidative phosphorylation is not seen in mitochondria from organisms starved for 24 h. in the presence of chloramphenicol. This suggests that the turnover of enzymes involved in phosphorylating electron transport proceeds only very slowly in the absence of net growth when chloramphenicol is present.
When chloramphenicol(500 ,ug./ml.) is added to an exponentially growing culture of Tetrahymenapyriformis growth is completely inhibited within a few generations. Organisms from chloramphenicol-inhibited cultures have a greater number of small mitochondria; growth and division of mitochondria is apparently uncoupled from the growth and division of the organisms. Growth for 72 h. in the presence of chloramphenicol did not lead to any significant alteration in the cytochrome content per cell or per mg. of protein of isolated mitochondria. The latter show greatly decreased oxygen uptake rates with a-oxoglutarate and with succinate as respiratory substrates, and increased sensitivity to the site I inhibitors, rotenone and piericidin A. Respiratory control was not detectable and the oligomycin sensitivity of the Fl-ATPase is reduced in mitochondria from cells grown with the antibiotic. After inoculation into medium not containing chloramphenicol, these respiratory-deficient organisms grew normally after a lag of 24 h. Impaired coupling of oxidative phosphorylation is not seen in mitochondria from organisms starved for 24 h. in the presence of chloramphenicol. This suggests that the turnover of enzymes involved in phosphorylating electron transport proceeds only very slowly in the absence of net growth when chloramphenicol is present.
I N T R O D U C T I O N
Since the original demonstration of chloramphenicol inhibition of amino acid incorporation into proteins of a mitochondrial fraction of Tetrahymena (Mager, 1960 ) the specificity of the action of this antibiotic for mitochondrial protein synthesis in eukaryotic organisms has been amply documented. Thus it has been shown that chloramphenicol inhibits amino acid incorporation into protein of mitochondria isolated from both mammalian sources and from Sdcchdromyces cerevisiae (Kroon, 1963 ; Wintersberger, 1965 ; Lamb, Clark-Walker & Linnane, I 968) and that yeast grown in the presence of the antibiotic has decreased contents of cytochromes a, a,, b and c, (Clark-Walker & Linnane, 1966; Huang, Biggs, Clark-Walker & Linnane, 1966) . A similar effect on cytochrome synthesis has been shown in the fungusPythium ultimum (Marchant & Smith, 1968 ) and in regenerating rat liver (Firkin & Linnane, 1969) . While these observations have been interpreted as indicating that the membrane-bound cytochromes of the respiratory chain are synthesized by the mitochondrial system itself, experiments on the effects of the antibiotic on the synthesis of mitochondria1 enzymes during catabolite repression (Henson, Perlman, Weber & Mahler, 1968; ) and respiratory adaptation (Chen & , 1969; Rouslin & Schatz, 1969) indicate that this is probably not the case. It seems likely that while the synthesis of membrane-bound cytochromes proceeds by way of a chloramphenicol-insensitive system, the final integration of the components in the fully functional system requires additional proteins synthesized by the mitochondrial protein-synthesis system.
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Charalampous
We have shown that the chloramphenicol does not inhibit cytochrome synthesis directly in Tetrahymena, but uncouples growth and division of mitochondria in relation to growth and division of the organism. Part of this work has been published in preliminary form (Turner & Lloyd, 1969) .
M E T H O D S
Mdintenance, growth and harvesting of organisms. Tetrahymena pyriformis strain ST was obtained from Dr Y. Suyama, Department of Biology, University of Pennsylvania, Philadelphia, U.S.A. Growth and harvesting procedures have been described previously (Turner, Lloyd & Chance, 1971) . Chloramphenicol was added as a solid to culture flasks after sterilization of the medium by autoclaving (I 2 I *, 20 min.).
Growth medsurement. Numbers of organisms were estimated by means of a Sedgewick-Rafter cell. Culture ( I ml.) was diluted with an equal volume of 10 % (w/v) formalin (40 %). The suspension was suitably diluted to obtain approximately I to 3 organisms/Rafter cell square (I pl.) . The number of organisms in 20 squares was counted. For growth curves, samples were removed aseptically from cultures at intervals of several h. Starvation of organisms. Organisms were harvested at room temperature from growing cultures, washed once in inorganic medium (Hamburger & Zeuthen, 1957) and resuspended in this medium (2.5 g. NaCI, 0.25 g. MgSO,. 7H,O in I 1. of 5 mmphosphate buffer, pH 7.2). Organisms were maintained in this medium at 29" with forced aeration.
ISOldtiOn of mitochondria. Mitochondrial fractions were prepared as described previously (Turner et al. 1971) . Most experiments with isolated mitochondria were performed on those prepared by differential centrifugation. ATPase assays were carried out on mitochondria purified by density gradient centrifugation. Tube-density-gradient centrifugation. Linear gradients (40 ml. in 60 ml. cellulose nitrate tubes) were formed from I M and 2 M sucrose solutions containing 10 mM-tris-HC1, pH 7-2. Mitochondrial fraction prepared by differential centrifugation (up to 20 mg. protein) was carefully layered on top of the precooled gradient. The tubes were centrifuged at 50,ooog for I to 3 h. at 4 O in the 3 x 60 ml. swing-out head of a Beckman model L ultracentrifuge. Fractions were collected dropwise after piercing the bottom of the tube.
AnaZyticaE methods. Polarographic measurements of oxygen uptake by mitochondrial suspensions were made with an oxygen electrode as described previously (Turner et al. 1971) . Measurements of total cytochrome content of whole cells and mitochondria were made using a Cary model 14 split-beam spectrophotometer fitted with a o to 0.1 extinction slide wire. Values were calculated from difference spectra (dithionite reducedoxidized) using published extinction coefficients for Tetrahymena cytochromes b and c (Yamanaka, Nagata & Okunuki, I 967) and the published mammalian cytochrome oxidase extinction coefficient (Chance &Williams, 1956) for Tetrahymena cytochrome oxidase (620 -650 nm.)
as an arbitrary figure. Protein assays were carried out by the method of Lowry, Rosebrough, Farr & Randall (1951) with bovine plasma albumin as standard.
Enzyme assays. ATPase (EC 3 . 6 . I .4) was assayed as described by 177 Eflect of chloramphenicol on Tetrahymena (Palade, 1952) . After dehydration in ethanol, samples were embedded in a mixture of methyl and n-butyl methacrylate (9: I, v/v). Sections were cut with an LKB Ultramicrotome and stained on the grids with lead citrate. To obtain negatively stained cristae preparations, unfixed mitochondria were suspended in potassium phosphate buffer (20 mM, pH 7.2) and a drop of the suspension (20 pl.) was pipetted on to a copper grid, and allowed to dry. The preparations were negatively stained with potassium phosphotungstate (pH 6-8 ; I %, wlv).
Materials. Chloramphenicol was obtained from Parke-Davis & Co., London. below 50,ug./ml., though the lag phase was prolonged (Table I ) and a lower yield of organisms observed after 50 h. After adding chloramphenicol (500 ,ug./ml.) during the exponential growth phase, growth continued for several generations before a plateau was reached (Fig. 2 ); the growth pattern was similar when I mg./ml. chloramphenicol was used. Continued aeration of an inhibited culture for several days resulted in a very slow rise in population, followed by a decline as lysis occurred. During the stationary phase, a gradual decline in motility and organism size was observed. Organisms from late stationary phase cultures containing chloramphenicol measured approximately 25 x 25 ,um. compared with 50 x 35 ,am. for exponentially growing cells. From growth studies following addition of chloramphenicol (500 ,ug./ml.) to exponentially growing cultures ( Fig. 2 ) two main growth phases were recognizable. Phase I was exponential, with a cell division rate slightly below normal, leading to phase 2, a stationary phase with a population 2 or 3 times greater than that at which the chloramphenicol was added. Eflect of chloramphenicol on Tetrahymena = 79 addition of chloramphenicol) were compared with those observed for organisms grown exponentially in the absence of the antibiotic (Table 2) . Cytochrome content/Io6 organisms and per mg. mitochondrial protein did not appear to be significantly altered. However, late phase 2 organisms were approximately half the size of exponentially growing cells. Efects of growth with chloramphenicol on mitochondrial function. Mitochondria isolated from organisms grown in the presence of chloramphenicol were assayed polarographically for 2-oxoglutarate and succinate oxidation, and for respiratory control (Table 3) . Mitochondria isolated from organisms grown in the presence of IOO ,ug./ml. chloramphenicol (24 h.) exhibited respiratory control, though oxidation rates were sometimes diminished. Growth in the presence of 500 ,ug./ml. chloramphenicol(24 h.) resulted in loss of respiratory control in isolated mitochondria, but high oxidation rates were observed as long as the cells were from phase I cultures. Organisms from 500,ug./ml. phase 2 cultures yielded mitochondria with greatly diminished oxidation rates, and no respiratory control. The loss of oxidative function in isolated mitochondria reflected the degree of mitochondrial damage (or susceptibility to damage on isolation) resulting from growth with chloramphenicol.
Starvation in the presence and absence of chloramphenicol. As chloramphenicol acts as an inhibitor of mitochondrial protein synthesis, and the growth of mitochondria is affected, a series of experiments were carried out on the effects of maintaining organisms in starvation conditions, so that no net growth was possible. Organisms from late exponential phase cultures were transferred to inorganic medium, and maintained for 24 h. under these conditions. Mitochondria were isolated and assayed for oxidative capacity and respiratory control after 4 h. and 24 h. starvation in the absence and in the presence of chloramphenicol (500 ,ug./ml., Table 4 ). By carrying out organism counts throughout the starvation period it was found that division continued at such a rate that the population increased by 20 % over the 24 h. period, though no net growth could occur. Organisms were able to survive in starvation conditions for 3 to 4 days before motility ceased. It can be seen from the results that organisms starved for 24 h. still yielded tightly coupled mitochondria, even in 
Eflect of chloramphenicol on Tetrahymena
the presence of chloramphenicol. The degree of respiratory control in mitochondria from organisms starved in the presence of the antibiotic was usually higher than in normally starved organisms (6 experiments). If these results are compared with those for 24 h: growth in the presence of 500 ,ug./ml. chloramphenicol, it can be seen that chloramphenicol damaged the mitochondria of growing organisms but had no deleterious effect on those of non-growing organisms. 1-4 to 2-1 0.7 to 1.0 4 8 k 4 (6) 1.6 to 2.9 1 . 1 to 1.7 24 91 * 7 ( 5 ) 1.7 to 2.6 1'0 to 1'7 50 ic 6 (4) 1.6 to 2.5 1.5 to 2.1 Sensitivity to electron transport inhibitors. The effects of antimycin, rotenone and piericidi; A on mitochondrial electron transport have been reported previously (Turner et al. 1971) . Table 5 compares the sensitivities of mitochondria from normal and chloramphenicol-grown organisms to these inhibitors. Both piericidin and rotenone (site I inhibitors) exhi bite increased effectiveness, while sensitivity to antimycin (a site I1 inhibitor) was not altere . d to the same extent. Table 6 shows the effect of oligomycin in mitochondrial ATPase from normal organisms and those grown with chloramphenicol (500pg./ml.) at both pH optima. Total ATPase activity is similar in both cases, but sensitivity to oligomycin is appreciably less for the ATPase of chloramphenicol-grown cells. Note that in contrast with yeast (Kovae, BednArovA & GreksAk, 1968) E;-ATPase activities at both of the pH optima were sensitive to oligomycin. Fig. 3 . Dependence on pH of mitochondrial ATPase of Tetrahymena pyriformis. The assay is described in Methods. Buffers used were 67 m-tris-acetate (pH 3.5 to 6.6) and 67 mwtris HC1 (pH 6.6 to 9.0). Enzyme activity was identical in both buffers at pH 6.6. Electron microscopy. Marked morphological changes of the mitochondria were evident in organisms after growth with chloramphenicol (Fig. 4, a to d) . The chloramphenicol-affected mitochondria were smaller (0.4 x 1.0 pm.) than normal mitochondria (0.6 x 1.0 to 1.8 pm.), and although they possessed intact outer membranes, the inner membranes were greatly reduced, showing little or no cristae structure (Fig. 4 4 . In addition, there were more mitochondria per organism (i.e. mitochondrial sections, per section of organism) than in normal organisms (Fig. 4b) Eflect of chloramphenicol on Tetrahymena Fig. 4. (a) Tetrahyrnena pyrijormis: section of organism grown without chloramyhenicol into late stationary phase (96 h.). Mitochondria (rn) are situated around the periphery of the organism, while some are being degraded within an autophagic vacuole (av). x 9420. (b) Section of an organism grown normally for 22 h. then for 60 h. in the presence of chloramphenicol (500 pg./ml.), showing numerous small mitochondria (m). x 8250. (c) A normal mitochondrion; the tubular cristae are numerous and the outer membrane (om) clearly defined. x I 5,000. (d) A group of mitochondria in a chloramphenicol-treated organism. The outer membranes (om) of the small mitochondria are intact but the cristae appear to have become disorganized. x 15,000. Experiments suggested that the change in mitochondria1 morphology was not so marked until the organisms had been kept in the presence of Fig. 5. (a) Mitochondria isolated from Tetrahymena pyriformis after normal growth; negatively stained with K phosphotungstate without prior fixation, The tubular cristae bear rows of innermembrane subunits (ims). The diameter of the tubules appears larger than in sections due to flattening during drying. x 180,000. (b) A negatively stained preparation of mitochondria isolated after normal growth for 24 h. followed by 60 h. growth with chlorarnphenicol(500 pg./ml.).
The tubular cristae are still discernible but the inner membrane subunits appear not to be extruded from the membrane by the stain. x 137,000. 
. 185 chloramphenicol for 48 h. (i.e. late phase 2 organisms). Although autophagic vacuoles were evident in organisms grown without chloramphenicol to the stationary phase (96 h.') and some of mitochondria appeared to be engulfed in these vacuoles, the morphological appearance and size of these mitochondria were similar to those of mitochondria seen in exponentially growing cells, although their distribution within the cell had changed from a random one to a peripheral location near the plasmalemma. (6) of chloramphenicol. It is proposed that in the cells growing normally, a product of mitochondrial protein synthesis (repressor) can interact reversibly with the operator controlling the synthesis of an initiation factor which is necessary for the initiation of mitochondrial DNA (MDNA) replication, and hence mitochondrial division. A similar operator-repressor model has been proposed to account for induction of 'petite' mutants in yeast by Williamson (1971) . When chloramphenicol is present (b), inhibition of mitochondrial protein synthesis leads to a complete block in repressor formation. The initiator operon is permanently switched on and mitochondrial DNA replication is released from nuclear control. This leads to the formation of many more mitochondria than are normally present. These mitochondria exhibit pleiotropic respiratory deficiency; the resulting reduced capacity for energy conservation leads to a decreased growth rate (phase I), and eventually a stationary phase (phase 2) is attained. Negatively stained mitochondria from normal cells (Fig. 5a) clearly showed rows of the stalked particles (inner membrane subunits) on the matrix-facing side of the cristae membranes. Great difficulty has been experienced in demonstrating many regular arrays of these subunits in any of the many preparations examined from mitochondria of chloramphenicol-grown organisms (Fig. 5 b) . Although they were occasionally seen, it seems that they were not extruded from the plane of the membrane as they were in the cristae of normal mitochondria.
DISCUSSION
Addition of chloramphenicol to exponentially growing cultures of Tetrahymena did not immediately halt growth, but the mean generation time increased. This was followed by a period of cell division with little net growth, resulting in smaller organisms. During this non-growing phase, mitochondrial morphology altered, the mitochondria becoming smaller and more numerous per organism. In addition, the characteristic tubular structure of the cristae was no longer discernible.
However, results indicated that the concentration of cytochromes per organism and per mg. of mitochondrial protein had not changed significantly. The most probable explanation is that the chloramphenicol inhibited the synthesis of new mitochondrial protein while division of organisms and mitochondria continued for several generations. It seems likely that a control mechanism was present in exponentially growing cells to ensure that mitochondrial synthesis and division keep pace with cell division, and that chloramphenicol interfered with this control by preventing the synthesis of certain mitochondrial proteins (Fig. 6) . The entire mitochondrial population was probably affected by growth in the presence of the antibiotic, rather than that a new population of deformed mitochondria appeared alongside normal ones ; this confirms the now widely accepted mechanism of the production of mitochondria from existing organelles rather than by a de novo origin (see review by Lloyd, 1969) .
While growth in the presence of chloramphenicol often leads to gross changes in mitochondrial morphologyfor instance, in yeast (Clark-Walker & Linnane, 1966), Pythium ultimum (Marchant & Smith, r968) and in regenerating rat liver (Firkin & Linnane, 1969 ) -this is not always so. A pleiotropic respiratory deficiency in Polytomella caeca (Lloyd, Evans & Venables, 1970) is not accompanied by any alteration in mitochondrial ultrastructure at the level of resolution attainable in the electron microscope. In Tetrahymena pyriformis yet a third type of situation is produced by chloramphenicol, in which the production of grossly abnormal mitochondria and respiratory deficiency is not accompanied by significant alteration in total cytochrome content of organisms or of isolated mitochondria. Thus if we assume that chloramphenicol inhibition exhibits absolute specificity for the mitochondria as in other eukaryotic organisms, then in Tetrahyrnena pyr&$ormis, at least, it is very unlikely that the membrane-bound cytochromes are direct products of the mitochondrial biosynthetic system as has been suggested for yeast .
The abnormal morphology of mitochondria in organisms grown in the presence of chloramphenicol indicated that the inner membrane had suffered considerable damage. The degree of physiological damage was assessed by measuring several inner mitochondrial membrane functions. Respiratory control could not be detected in mitochondria isolated from organisms grown in the presence of chloramphenicol, and after prolonged exposure of growing cells to the drug oxidation rates with several substrates were greatly diminished. In addition, the oligomycin sensitivity of mitochondrial ATPase decreased, possibly reflecting Efiect of chloramphenicol on Tetrahymena 187 an alteration in the relationship between the inner membrane subunits and the inner membrane. Schatz ( I 968) observed a decrease in oligomycin sensitivities of mitochondrial ATPase after growth with chloramphenicol. This possibility is further supported by electron microscopy carried out on negatively stained mitochondrial preparations. Similar ultrastructural observations were made by Marchant & Smith (1968) .
As chloramphenicol is known to inhibit protein synthesis it might be expected to have little effect on non-growing organisms if turnover rates for mitochondrial protein were low. The results obtained for organisms maintained in non-growing medium confirm this. After starvation for 24 h. with chloramphenicol present, high P/O ratios and good respiratory control were still demonstrated. In addition, organisms maintained in the presence of chloramphenicol for 24 h. yielded mitochondria which exhibited better respiratory control than those isolated from organisms maintained without the drug. This may have been some indirect effect of chloramphenicolfor instance, inhibition of the formation of enzymes involved in turnover of inner membrane components, or of the production of an endogenous uncoupler.
Attempts to detect the exact location of the chloramphenicol-induced lesion in the respiratory chain by studying the steady-state levels of reduction of each redox carrier in turn during the different states of coupled electron transport (as has been done with Polytomella caeca mitochondria; Lloyd, Evans & Venables, I 970) have failed. Although total cytochrome contents were normal, only a small proportion of this total was functional, and such major dislocations gave very variable results when these measurements were attempted.
